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Abstract
During primary simian immunodeficiency virus (SIV) infection, CD4 T cells are severely depleted in gut-associated lymphoid tissue
(GALT), while CD8 T-cell numbers dramatically increase. To gain an understanding of the molecular basis of this disruption in T-cell
homeostasis, host gene expression was monitored in longitudinal jejunum tissue biopsies from SIV-infected rhesus macaques by DNA
microarray analysis. Transcription of cyclin E1, CDC2, retinoblastoma, transforming growth factor (TGF), fibroblast growth factor (FGF),
and interleukin-2 was repressed while cyclins B1 and D2 and transcription factor E2F were upregulated, indicating a complex dysregulation
of growth and proliferation within the intestinal mucosa. Innate, cell-mediated, and humoral immune responses were markedly upregulated
in animals that significantly reduced their viral loads and retained more intestinal CD4 T cells. We conclude that the alterations in intestinal
gene expression during primary SIV infection were characteristic of a broad-range immune response, and reflective of the efficacy of viral
suppression.
© 2003 Elsevier Science (USA). All rights reserved.
Introduction
Human immunodeficiency virus (HIV) infection leads to
the progressive loss of CD4 T lymphocytes from the
peripheral blood and lymphoid tissues and acquired immune
deficiency syndrome (AIDS). The proposed mechanisms of
CD4 T-cell loss include immune response-associated kill-
ing of infected cells and impaired ability of the host to
regenerate immune cells (McCune, 2001). Currently, our
understanding of CD4 T-cell depletion and disease pro-
gression during HIV infection stems mainly from the viro-
logic and immunologic assessment of peripheral blood sam-
ples. However, peripheral blood represents only 2% of the
total lymphocytes in the body. The vast majority of lym-
phocytes reside in the lymphoid organs. The gut-associated
lymphoid tissue (GALT) is the largest lymphoid organ in
the body and, accordingly, contains a majority of the body’s
lymphocytes (Galperin and Gershwin, 1997). Investigations
of simian immunodeficiency virus (SIV) infection in rhesus
macaques have demonstrated that high viral replication
(Heise et al., 1994; Stone et al., 1994), severe CD4 T-cell
depletion (Smit-McBride et al., 1998; Ndolo et al., 1999;
Mattapallil et al., 1999; Kewenig et al., 1999; Veazy et al.,
2000), and CD8 T-cell expansion (Mattapallil et al., 2000)
occur within GALT early during the primary acute stage of
SIV infection. Thus GALT is an important site of viral
replication and persistence, as well as immune activation
(Heise et al., 1993; Heise et al., 1994).
Although no comparable information is available on pri-
mary HIV-1 infection, a pronounced depletion of CD4 T
cells from the intestinal mucosa, but not the peripheral
blood, was previously reported in chronically HIV-1-in-
fected patients (Schneider et al., 1995). The molecular pro-
cesses that lead to severe CD4 T-cell depletion, and
CD8 T cell expansion, within the intestinal mucosa during
HIV or SIV infection are not fully known, yet it is reason-
able to conclude that the homeostatic changes are being
driven by complex, orchestrated alterations in localized host
gene transcription. A recent in vitro analysis of gene tran-
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scription in HIV-infected peripheral blood mononuclear
cells (PBMC) revealed that numerous genes associated with
cell cycle progression, damage repair, apoptosis, and phys-
iological signaling pathways were differentially transcribed
within 3 days of infection (Geiss et al., 2001). In another
study, gene expression was assayed in a nef-expressing
T-cell line and investigators found that transcription of
several host factors known to promote HIV proliferation
was upregulated in comparison with nontransfected controls
(Simmons et al., 2001). Although these in vitro transcrip-
tional analyses have proven to be informative, the compre-
hensive in vivo profile of host response to systemic HIV or
SIV infection remains unknown.
We have used a functional genomic approach to test the
hypothesis that severe CD4 T-cell depletion in GALT
during primary SIV infection is associated with impaired
efficacy of reducing viral burden. Alterations in the tran-
scription of genes associated with immune responses, cell
adhesion, proliferation, and maturation were assessed in
sequentially biopsied jejunum tissue samples from four rhe-
sus macaques by DNA microarray analysis. CD4 and
CD8 T-cell levels were monitored simultaneously by flow
cytometry, and plasma viral loads were measured by quan-
titative PCR to provide clinical correlates to the elucidated
transcriptional profiles. We found that increases in tran-
scription of numerous immune and inflammatory response
factors were greatest in macaques displaying the largest
degree of viral clearance and best retention of intestinal
CD4 T cells. Furthermore, a complex dysregulation of
key cell cycle mediators and growth factors during primary
infection was discovered, indicating that replacement of lost
CD4 T cells may have been impacted by impairment of
growth and proliferation in GALT.
Results
Acute viremia and disruption of T-cell homeostasis occur
in GALT during primary SIV infection
To monitor the level of SIV infection during the primary
acute stage, plasma viral loads were quantitated prior to
inoculation and again at 2 and 6 weeks postinfection (p.i.).
Two weeks after infection, 106 to 107 SIV RNA copies were
detected in the plasma of all four macaques (Fig. 1). Viral
genome copy numbers increased moderately in macaque
29501 from 2 to 6 weeks p.i., while macaques 29943,
30266, and 29958 displayed a reduction in viral burden
during the same interval. Although macaques 29943 and
29958 displayed an overall reduction in viral burden from 2
to 6 weeks p.i., the data indicated that host response mech-
anisms were ineffective at completely eliminating high viral
loads in peripheral blood during the primary stage.
Flow cytometric analysis of peripheral blood samples
indicated that CD4 T-cell numbers declined moderately
over the first 2 weeks of SIV infection in macaques 29501
and 29943, and were 40–60% depleted by 6 weeks p.i. in
all macaques (Fig. 2A). CD8 T cells increased moderately
in the periphery at 2 weeks p.i. in macaques 29501, 29943,
and 30266, and by over twofold in macaque 29958 (Fig.
2C). After 6 weeks of infection, CD8 T cell numbers were
slightly below preinfection levels in macaques 29501,
29958, and 30266. In macaque 29958, peripheral CD8 T
cell numbers continued to increase at 6 weeks p.i., but only
a slight (about 10%) total increase over preinfection base-
line level was measured.
In contrast to peripheral blood, we found that CD4 T
cells were severely depleted from GALT in all four ma-
caques as early as 2-weeks p.i. (Fig. 2B). The percentage of
CD4 T cells lost from macaque 29501 exceeded 90%,
while macaques 29943 (54%), 29958 (70%), and 30266
(56%) also experienced severe reductions. CD4 T cell
depletion was notably more severe in macaques 29501 and
30266 at 6 week p.i. than in the other two animals. Inter-
estingly, intestinal CD4 T cells in macaque 29943 did not
decline significantly after 2 weeks of infection. Overall, the
degree of intestinal CD4 T-cell depletion coincided with
the dynamics of viral burden as macaques 29943 and 29958
retained a larger percentage of CD4 T cells in the jejunum
and displayed the best reduction in viral load after 6 weeks
of infection.
As observed for CD4 T-cell percentages, a substantial
discordant change between the percentages of CD8 T
cells in GALT and in peripheral blood was apparent as early
as 2 weeks p.i. (compare Figs. 2C and D). With the excep-
tion of macaque 29943 (70% increase), CD8 T-cell per-
centages at least doubled in the intestinal mucosa after 2
weeks of SIV infection. Such dramatic increases in CD8
T cells in the intestinal mucosa following SIV infection
were indicative of a localized, activated cytotoxic immune
response, and have been reported previously (Mattapallil et
al., 2000). Six weeks after infection, CD8 T-cell percent-
ages in GALT declined slightly in macaques 29501, 29943,
and 29958, and continued to increase in macaque 30266.
The increase in intestinal CD8 T cells combined with the
Fig. 1. Primary acute stage SIV infection is characterized by high viral
burden. Plasma SIV loads were measured in four rhesus macaques by
quantitative PCR as described under Materials and Methods prior to and at
2 weeks (gray bars) and 6 weeks (black bars) following intravenous SIV
infection.
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decrease in CD4 T cells indicated that, despite the man-
ifestation of an activated cytotoxic response, the ability to
completely eliminate the infection and restore normal T-cell
homeostasis was impaired in all of the macaques.
Primary SIV infection is characterized by dramatic
alterations in host gene expression in GALT
Because Affymetrix HuGeneFL GeneChips (HuFL) con-
tained probe sequences designed to assay levels of human
transcripts, we first sought to confirm that these chips could
be used for assaying rhesus macaque mRNA levels. Pilot
studies indicated that 33– 39% (n  2) of transcripts from
genes represented on the HuFL chips could be detected in
healthy, uninfected macaque jejunum tissue, while 40–52%
(n  2) could be detected in uninfected, healthy human
jejunum (Fig. 3A), indicating a comparable number of mes-
sage types could be assayed in macaque samples. Impor-
tantly, more than 90% of the transcripts detected in macaque
jejunum tissue overlapped those detected in the correspond-
ing human samples (data not shown). To determine whether
healthy baseline gene expression profiles were similar from
macaque to macaque, the fluorescence intensity values gen-
erated from uninfected jejunum tissue were compared be-
tween animals. Correlation coefficients calculated by re-
gression analysis were consistently close to 0.9 as shown in
the example in Fig. 3B, suggesting a similar and stable
baseline level of transcription in healthy uninfected GALT.
In summary, our preliminary evaluations indicated that the
quality of the oligonucleotide probe sets and protocols de-
signed for the HuFL microarray chips were sufficient for
use in rhesus macaque gene expression studies.
To determine if elevated viral loads and alterations in
intestinal CD4 and CD8 T-cell populations during pri-
mary acute SIV infection were characterized by large-scale
changes in localized host gene transcription, the jejunum
tissue biopsies were evaluated for mRNA content by mi-
croarray analysis. Transcripts whose quantity either in-
creased or decreased by at least twofold (P  0.05)
following SIV infection were considered significantly reg-
ulated. Comparisons of gene expression profiles in prein-
fection and postinfection jejunal biopsy samples revealed
that extensive and diverse alterations in gene transcription
occurred during the primary acute stage of SIV infection
(Fig. 4). Interestingly, more than 400 genes were differen-
tially transcribed in macaques 29943 and 29958 at both 2
and 6 weeks p.i., while, in contrast, only about 150–200
transcripts were up- or downregulated in macaques 29501
and 30266 at the same time points. Additionally, the overall
transcription profile of macaque 30266 contrasted those of
Fig. 2. T-cell homeostasis is disrupted in GALT during primary acute SIV infection. The percentages of CD4 and CD8 T cells in peripheral blood (A
and C, respectively) and in GALT (B and D, respectively) were quantitated prior to and at 2 and 6 weeks P.I. by flow cytometry as described under Materials
and methods.
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the other three animals in that the majority of transcripts
changing at both 2 and 6 weeks p.i. were downregulated.
Given the various cell types within whole jejunum tissue
and the diversity of host response among individual animals
it was not surprising to see substantial diversity in the
postinfection transcriptional profiles. Despite this diversity,
however, there was significant and consistent overlap
among the macaques in the regulation of specific genes and
functional gene categories in response to primary acute SIV
infection. This allowed the identification of a characteristic
pattern of change in gene expression in response to primary
SIV infection. To gain greater understanding of the in vivo
molecular mechanisms associated with response to primary
stage SIV infection, we then focused our attention on iden-
tifying changes in transcription of genes involved in im-
mune and inflammatory responses, apoptosis, cell cycle
progression, cell adhesion and trafficking, and growth and
differentiation.
Hierarchal clustering (dChip v1.1) of genes whose tran-
scription changed twofold (P  0.05) or greater in at least
two of the four macaques (630 genes) allowed grouping of
the genes into common patterns of transcription and the
identification of relevant functional groups (Fig. 5). Several
statistically significant clusters of functionally related genes
were identified including groups associated with “defense/
immunity,” “immune response,” “humoral immune re-
sponse,” “class I MHC,” “complement components,” “heat
shock proteins,” “cell cycle regulation,” and “growth fac-
tors.” A representative example of one “defense response”
cluster is shown on the left in Fig. 5. Gene lists extracted
from other functionally relevant clusters are shown on the
right. The cluster-based analysis allowed identification of
transcriptional trends and important functional categories,
and led subsequently to a more complete evaluation of
changes in transcription within those functional categories.
Genes involved in innate, cell-mediated, and humoral
immune responses are induced early in GALT
Following cluster-based identification of transcriptional
trends and important functional categories, genes associated
with immune responses in GALT of each SIV-infected
animal were evaluated by sorting through the data by hand
and functionally grouping transcripts associated with innate,
humoral, and cell-mediated immunity as shown in Fig. 6.
Only transcripts that were up- or downregulated at least
twofold in at least two of the four animals were included.
Genes that were upregulated at least twofold are highlighted
in red and genes downregulated at least twofold are high-
lighted in green. In general, the vast majority of factors
associated with immune response functions were, as ex-
pected, upregulated during primary SIV infection.
Innate immune, cytotoxic, and stress responses
Innate antimicrobial factors, including lysozyme and
Paneth cell-specific  defensins 5 and 6, were significantly
induced at both 2 and 6 weeks p.i. (Fig. 6). Increases in
several cell-mediated immune response factors including
granzyme A, 2-microglobulin, small inducible cytokines
SCY A23 (MIP-3) and SCYE1, and stromal cell-derived
factor 1 (SDF-1) were discovered as well, indicating that the
CTL mechanisms were upregulated as part of the localized
host response. Other cell-mediated immune response genes
were, in contrast, downregulated including IL-4, IL-12A
CD171, CD152, CD8 , and  interferons 6 and 8, hinting
that the efficacy of T-cell response may not have been
optimal. Moreover, strong and consistent downregulation of
IL-4 indicated that transition from Th1 to Th2 response was
impaired at the intestinal mucosal surface. Overall, in-
creases in immune response-associated transcription were
greatest in macaques 29943 and 29958, suggesting the ef-
ficacy of the response was associated with the quality of
viral suppression and retention of CD4 T cells in GALT.
Transcription of various stress and inflammatory re-
sponse factors, including heat shock proteins, superoxide
dismutases 1 and 2 (SOD-1 and SOD-2), vascular cell
Fig. 3. Use of human-based microarray chips to assay rhesus macaque gene
transcription. (A) Comparison of human and rhesus gene transcription. The
number of transcript types detected in healthy, uninfected jejunal biopsy
samples was compared in humans and rhesus macaques (n  2). (B)
Comparison of healthy uninfected baseline transcription in GALT in rhesus
macaques. The fluorescence intensity values of probes on the microarray
chips corresponding to transcripts detected in uninfected jejunum tissue
biopsies from individual macaques were compared by regression analysis
to determine similarity. A representative comparison is shown with a
corresponding correlation coefficient of 0.9.
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adhesion molecule (V-CAM), fibronectin, and proteoglycan
1 was substantially upregulated at 2 and 6 weeks p.i. (Fig.
5). Extracellular matrix proteins galectin 2, type IV colla-
gen, syntenin, fibronectin 1, and matrix metalloproteinase 1
(MMP1) were also induced. Intriguingly, several adhesion-
associated genes were downregulated during the primary
stage. These genes included cadherin-ME6, opiate-binding
cell adhesion molecule (OB-CAM), matrix metalloprotein-
ase 14 (MMP14), and desmocollin 3. Little is known re-
garding the putative functions of ME6 cadherin, OB-CAM,
or MMP14, but desmocollin 3 is an integral component of
desmosomes, cell–cell adhesion structures that function to
join cells tightly within epithelial layers. Given that numer-
ous previous studies have demonstrated that the structure
and integrity of the intestinal mucosa are often adversely
affected during HIV/SIV infection (Heise et al., 1993, 1994;
Stone et al., 1994; Lima et al., 1997; Zeitz et al., 1998; Reka
and Kotler, 1998), we interpreted these changes to be in-
dicative of local wounding and damage caused by SIV
infection and subsequent immune response.
Antigen processing and humoral response
In addition to cytotoxic and innate immune responses,
numerous genes involved in antigen processing and hu-
moral immune pathways were also upregulated. Transcripts
Fig. 4. Gene transcription is altered dramatically in the intestinal mucosa during primary acute SIV infection. mRNA levels were quantitated by microarray
analysis to identify genes in jejunum tissue whose transcription changed at least twofold. Transcription was evaluated at 2 and 6 weeks P.I. and compared
in longitudinal analysis with healthy preinfection baseline transcription levels. The plots include both down- and upregulated transcripts.
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specific to antigen presentation included various proteo-
some subunits, ubiquitination-specific factors, MHC mole-
cules, and complement components. It is perhaps notewor-
thy, however, that the vast majority of MHC transcripts
regulated were of class I origin, suggesting that MHC II
presentation may have been impaired during primary stage
SIV infection. Macaques 29943 and 29958 showed the
largest and most comprehensive increases in transcription of
MHC I-associated antigen presentation factors, providing
further evidence that the increased quality of cell-mediated
responses was linked to better viral reduction. We found
that several immunoglobulin and B cell-specific transcripts
were strongly upregulated at 2 and, to a lesser extent, 6
weeks p.i., indicating that humoral immune response was
also activated early during acute SIV infection. Interest-
ingly, the general pattern of increased B cell-associated
transcription was observed in all macaques at 2 weeks p.i.
and only in macaques 29501 and 29958 at 6 weeks p.i.,
suggesting humoral responses had less of an impact on
overall viral suppression than cell-mediated responses.
Taken together, the changes in gene transcription associated
with various immune response pathways indicated that, in
general, the macaques quickly developed a multifaceted
attack to combat an acute systemic SIV infection, invoking
both innate and adaptive mechanisms in an unsuccessful
effort to clear the virus.
Complex dysregulation of intestinal growth factors and
cell cycle mediators
Innate, cell-mediated, and humoral immune responses that
occur at the intestinal mucosal surface during SIV infection
result in destruction and elimination of infected cells. Accord-
ingly, the depleted cells need to be replaced through localized
cell proliferation and/or by trafficking of mobilized immune
cells from other lymphoid organs and tissues. When we ex-
amined transcription of cell cycle mediators we found several
were upregulated at both 2 and 6 weeks p.i., including cyclins
D2 and B1, E2F transcription factor 3, CDC28-specific ki-
nases, and eukaryotic translation initiation factor 4/DAP5 (Fig.
7). In contrast, however, retinoblastoma (Rb), cyclin E1, cell
division cycle 2 (CDC2), G1-specific protein, and PCTAIRE 2
and 3 were substantially downregulated in the majority of the
macaques in the same samples. Despite the increase in positive
transcriptional regulator, E2F, decreased transcription of cyclin
E1 and DAP5 induction were indicative of a block in G1/S
phase transition, while reduced CDC2 transcription suggested
that entry into mitosis might have also been compromised.
Overall, the transcriptional profiles suggested a complex dys-
regulation of cell cycle progression, indicating that prolifera-
tion and growth were impaired indicating that proliferation and
growth were impaired in the intestinal mucosa during primary
acute SIV infection.
Fig. 5. Hierarchal cluster analysis of gene transcription during primary SIV infection. Hierarchal clustering (dChip 1.1) of the microarray data was used to
identify similar patterns of altered transcription following 2 and 6 weeks of SIV infection. Clusters containing functionally related genes (P  0.05) involved
in antiviral host response mechanisms and potentially impacting homeostasis of the intestinal CD4 T-cell population were then identified. A representative
“defense response” cluster is shown on the left, and gene lists from other relevant clusters are shown on the right.
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To evaluate the ability of cells to mature and differentiate
within the intestinal mucosa during primary stage SIV in-
fection, transcription of mediators of these physiological
processes was assayed (Fig. 7). We found that transforming
growth factor 2 (TGF-2), insulin-like growth factor 1
(IGF-1), fibroblast growth factor 2 (FGF-2), and interleu-
kin-2 (IL-2) transcripts were significantly downregulated. It
is worth noting that, although repressed IL-2 transcription in
gut-homing memory T-cell subsets during SAIDS has been
demonstrated in vitro previously (Koopman et al., 2001),
our in vivo study is the first to identify repressed IL-2
transcription in lymphatic tissue during acute primary stage
SIV infection. These data also support findings that IL-2
therapy, in some HIV-1 infections, can improve efficacy of
lymphocyte proliferation (Afzelius et al., 1999). In sum-
mary, the normal healthy preinfection transcriptional profile
of genes associated with growth and differentiation as well
as cell cycle regulation was dramatically altered in GALT
during primary SIV infection, indicating that cell prolifer-
ation and maturation were inhibited in GALT. Taken to-
gether with the disruption of growth and proliferation, the
increases observed in transcription of cell adhesion mole-
cules and cytokines suggest that the expansion of intestinal
CD8 T cells observed at 2 and 6 weeks p.i. may have
resulted through trafficking mechanisms and not by local
expansion.
Discussion
We have used DNA microarray analysis, quantitative
PCR, and flow cytometry techniques to demonstrate that
dramatic alterations in T-cell homeostasis in the intestinal
mucosa during primary SIV infection were coincident with
high viral loads and complex orchestrated alterations in
localized host gene transcription. Because the transcrip-
tional profiles were elucidated and analyzed in vivo and at
the level of whole jejunum tissue, we were confident that the
changes measured were significant and indicative of the
manifestation of host response to SIV infection within the
mucosal environment. The changes in gene expression iden-
tified were highlighted by increased transcription of medi-
ators of innate, cellular, and humoral immune responses,
stress and inflammatory factors, and cell adhesion mole-
cules, combined with complex patterns of dysregulated
transcription of key regulators of proliferation and differen-
tiation.
After 6 weeks of SIV infection, diverging patterns of
Fig. 6. Transcriptional profile of changes in immune, stress, and inflammatory response genes. To comprehensively evaluate specific functional groups of
genes, all the genes included in the cluster analysis were categorized by hand according to physiological function. The data are presented in a color-coded
table format. Transcripts whose level either increased or decreased by at least twofold are shown in red and green, respectively. Changes in transcription of
genes less than twofold are also shown but not color-coded.
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viral suppression were apparent within the group of four
macaques (Fig. 1). Viral burdens were more efficiently
reduced in macaques 29943 and 29958, and these two ani-
mals also retained a higher percentage of CD4 T cells
(Fig. 2). This diverging clinical pattern also corresponded to
diverging patterns of gene transcription whereby the induc-
tion of cytotoxic factors and proteins involved in MHC
I-specific antigen presentation were clearly greater in ma-
caques 29943 and 29958 than in the other two animals (Fig.
6). The disparity was most evident at 2 weeks p.i., indicat-
ing that manifestation of a strong cell-mediated response
early in infection may have been crucial to efficient viral
suppression and increased survival of intestinal CD4 T
cells.
It is logical to conclude that primary stage SIV infection
and associated immune responses resulted in localized cell
Fig. 7. Transcriptional profile of genes mediating cell proliferation and growth. Transcripts from the complete clustering list were functionally categorized
and genes involved in cell cycle progression, cell growth and maturation, and necrotic and apoptotic cell death are shown. Changes in transcription twofold
or greater are color-coded and changes less than twofold are shown but not color-coded.
91M.D. George et al. / Virology 312 (2003) 84–94
and tissue damage. Previous histological examinations of
intestinal mucosal tissue during primary acute SIV infection
have identified lesions within the epithelial layer and sur-
rounding individual villi (Kuhn et al., 1997), and demon-
strated a loss of absorptive and digestive function early in
infection (Heise et al., 1994; Stone et al., 1994). Consistent
with this idea, we found that transcription of stress and
inflammatory response mediators was increased dramati-
cally at 2 weeks p.i., indicating that wounding of the intes-
tinal mucosa was associated with primary stage infection.
As observed in cell-mediated immune responses, stress re-
sponse factors were, in general, upregulated to a higher
degree in macaques 29943 and 29958 than in the other
animals, suggesting that macaques 29943 and 29958 may
have also repaired cell and tissue damage more effectively.
Thus, the severity of CD4 T-cell depletion and impair-
ment of viral suppression in macaques 29501 and 30266
may have resulted, in part, from inefficient repair of the
epithelial barrier, thereby increasing exposure of lympho-
cytes within the lamina propria to infectious virus.
Previous studies have reported defects in CD4 T-cell
proliferation, in both HIV-1-infected cells and cells trans-
fected with specific HIV genes that were attributed to dys-
functional cell cycle progression. CD4 T cells from HIV-
infected patients have been shown to proliferate poorly
following T-cell receptor stimulation (Musey et al., 1999)
and undergo cell cycle arrest prior to entry into S phase
(Sieg et al., 2001). Additionally, prior studies of cell cycle
progression in a CD4, T-cell line expressing the V3 loop
of HIV-1 have demonstrated that cyclin E expression was
repressed and that the kinase activity of cyclin E-CDK2
complexes was significantly reduced, indicating inhibition
of G1-to-S phase transition (Sakaida et al., 1998). These
studies are supported by observations that CD4 Jurkat T
cells were delayed in progression through G1/S phase tran-
sition when Nef protein from SIV was expressed (Simmons
et al., 2001; Ndolo et al., 2002). Interestingly, our detection
of cyclin B upregulation at the whole tissue level was also
consistent with previous findings that have shown increased
cyclin B expression to be a characteristic of cell cycle
dysregulation in HIV-infected patients with progressive dis-
ease (Cannavo et al., 2001; Paiardini et al., 2001). The in
vivo analysis of cell cycle-associated gene transcription in
the intestinal mucosa during primary SIV infection pre-
sented in the current study expands on these previous find-
ings and demonstrates that the onset of cell cycle defects
occurs early during primary SIV infection in GALT and that
cell cycle progression was impaired by multiple mecha-
nisms at the level of whole tissue. Future studies designed to
measure changes in gene transcription in various cell types
isolated from intestinal tissue samples are necessary to de-
lineate the complex cell cycle-associated transcriptional
profiles identified herein.
In addition to potentially dysfunctional alterations in cell
cycle gene transcription, expression of growth factors also
declined in GALT during primary SIV infection. This ob-
servation was particularly interesting because current
knowledge of the contributions of growth factors to the
regeneration of lost intestinal cells and tissue in vivo during
acute microbial infections is limited. Peptide growth factors
that are known to promote growth of epithelial and immune
cells in normal healthy intestinal tissue include transforming
growth factor (TGF)-, TGF-, IGF, colony-stimulating
factor (CSF), trefoil factor (TFF), hepatocyte growth factor
(HGF), and fibroblast growth factor (FGF) (Dignass and
Sturm, 2001). Recently, administration of IGF, hepatocyte
growth factor (HGF), and keratinocyte growth factor (KGF)
has been used with some success as therapeutic treatments
for intestinal disorders associated with a loss of mucosal
tissue such as short bowel syndrome (Howarth and Shou-
bridge, 2001). The identification, in this study, of repressed
transcription of specific growth factors in GALT during
acute SIV infection may point to a potential for alternative
therapeutic strategies that are designed to combat the early
devastating loss of CD4 T cells.
Interestingly, it has recently been reported that CD4 T
cells that home to the intestinal mucosa via the integrin
47 receptor and CD4 T cells expressing CCR5 may be
the main lymphocyte targets during primary stage infection
(Cheng-Mayer et al., 2001; Krzysiek et al., 2001). Thus, the
severity, of intestinal CD4 T-cell depletion observed dur-
ing primary SIV infection in this study may reflect, in part,
selective early targeting of lymphocytes with intestinal
homing capabilities. Additionally, the early destruction of
these CD4 lymphocytes would have the potential to se-
verely limit the ability to regenerate intestinal CD4 T cells
and thus contribute to the chronic disruption of the normal
T-cell homeostasis observed in GALT.
The elucidation of in vivo transcriptional phenotypes
resulting from primary SIV infection in GALT is a signif-
icant first step in identifying and understanding the compre-
hensive nature of pathophysiologic events and antiviral host
response mechanisms at the mucosal surface. Because the
primary acute stage of HIV infection is extremely difficult,
if not impossible, to study in vivo due to lack of sample
availability, the development of testable models of early
acute infection will require continuing studies in nonhuman
primates. Accordingly, future analyses using high-through-
put methodologies will allow in vivo analyses of isolated
cell types and potentially even single cells promise to con-
tinue to unravel the intimate and complex relationship be-
tween host immune response and HIV/SIV pathogenesis
and to identify potential gene targets for therapy.
Materials and methods
Animal subjects, infection, and tissue collection
Four healthy, 2- to 3-year-old, colony-bred male rhesus
macaques from the California National Primate Research
Center were intravenously infected with 1000 TCID50 of
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SIVmac251 grown in PBMC. Jejunal tissue samples were
obtained by endoscopy prior to infection, and again at 2 and
6 weeks p.i.. Peripheral blood samples were obtained at the
same time biopsies were taken. Plasma samples were used
for viral load measurements. Twelve jejunum samples were
obtained from each macaque at each indicated time point.
Four of the samples were immediately flash-frozen in liquid
N2 before storing at 80°C until microarray analysis. The
remaining eight samples were immediately processed to
isolate intestinal mononuclear cells for immunophenotypic
analysis by flow cytometry.
Flow cytometry
Jejunal biopsies were incubated in RPMI-1640 (Invitro-
gen, Carlsbad, CA, USA) and collagenase (Sigma, The
Woodlands, TX, USA) at 37°C for 45 min and subjected to
a Percoll (Sigma) density gradient centrifugation to enrich
for T cells and to eliminate tissue debris. Three-color flow
cytometric analysis was performed to determine the per-
centages of CD4 and CD8 T cells by staining the cells
with CD3FITC, CD4PE (BD Pharmingen, San Diego, CA,
USA) and CD8TC (Caltag, Burlingame, CA, USA). Cells
were fixed in 1% paraformaldehyde/PBS and analyzed us-
ing a Bectin Dickenson FACScan and CellQuest software
(Bectin Dickenson).
Quantitation of viral loads
Plasma samples were subjected to quantitative PCR (Q-
PCR) analyses to determine the level of viral infection
during primary SIV infection. Briefly, primers and probes
specific to the SIV RNA sequence were designed and used
in the real-time PCR. Probes were tagged with a fluorescent
reporter dye (FAM) at the 5 end and a quencher dye at the
3 end. Fluorescence signal was detected with an ABI Prism
7700 sequence detector (PE Applied Biosystems). Data
were captured and analyzed with Sequence Detector Soft-
ware (SDS). Viral copy number was determined by plotting
CT values obtained from the plasma samples against a
standard curve derived from samples with known viral copy
numbers.
Microarray analysis
Labeling of samples, hybridization to HuGeneFL Gene-
Chips (Affymetrix, Santa Clara, CA, USA), staining, and
scanning were performed as described in the Affymetrix
Expression Analysis Technical Manual. Total RNA was
purified from the cryopreserved jejunum tissue sample bi-
opsies using the RNeasy RNA extraction kit (Qiagen, Va-
lencia, CA, USA) and used as template. Fluorescence in-
tensity values (.CEL files) generated from hybridized,
stained GeneChips were subjected to comparative and hi-
erarchal clustering analyses using the dChip (Version 1.1)
software program (Li and Wong 2001). A detection P value
of 0.05 or better was used as a statistical criterion for
including a given gene in subsequent comparative or clus-
tering analyses. A P value of 0.05 was used as a cutoff for
identification of significant gene clusters. The list of genes
used for hierarchal clustering was generated by including
only transcripts that were either up- or downregulated at
least twofold in monkey jejunal samples at 2 and/or 6 weeks
postinfection. To verify the reproducibility of data gener-
ated from each sample, selected samples were split after
RNA extraction and processed separately. Comparison of
the gene expression profiles by regression analysis consis-
tently showed a 99% correlation (data not shown), indicat-
ing that the processing variability from sample to sample
was minimal.
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